Abstract: This contribution is a documentation of recent advances in the chemistry of chalcogenide poly nuclear transition metal complexes coordinated with mono and diphosphines functionalized with hydroxo groups. A survey of complexes containing tris(hydroxymethyl)phosphine (THP) is presented. The influence of the alkyl chain in bidentate phosphines, bearing the P-(CH 2 ) x -OH arms, is also analyzed. Finally, isolation and structure elucidation of the complexes with HP(OH) 2 , P(OH) 3 , As(OH) 3 , PhP(OH) 2 , stabilized by coordina tion to Ni(0) and Pd(0) centers embedded into chalcogenide clusters, is discussed.
Introduction
Phosphine ligands are ubiquitous in modern coordination chemistry. Virtually a limitless number of phos phines bearing almost any imaginable functionality have been made accessible by the organophosphorous chemists. Among this very vast family, the hydroxyphosphines are useful precursors for a variety of impor tant phosphoruscontaining compounds including aminomethylphosphines, phosphorus heterocycles and polycycles [1] [2] [3] . The simplest organic hydroxyphosphine is tris(hydroxymethyl)phosphine (THP), reported in 1958 [4] . It is obtained by addition of PH 3 to CH 2 O (Scheme 1) [5, 6] .
First complexes with THP were apparently reported in 1973 [7] . In particular, complexes of noble metals with ТНР catalyze hydrogenation of unsaturated aldehydes [8] and hydration of alkynes [9] in biphasic systems. They also catalyze hydroamidation of CO 2 into DMF, isomerization of allyl alcohols into ketones [10] , and hydrogenation of ketones into alcohols [11] . Their solubility in water enables attachment to a support surface (such as SiO 2 ) through the hydroxylic groups of THP [12] . Moreover, hydroxyphosphines and their complexes may be used for development of modern nanoscale and dendrimeric materials. Air oxida tion of THP leads to the formation of the corresponding phosphine oxide, THPO, followed by partial loss of CH 2 O with the formation of anionic (HOCH 2 ) 2 PO 2 − , which can be used for construction of coordination polymers [13] .
The significance of phosphines in the cluster chemistry comes from the wellknown symbiosis between these ligands and transition metal clusters, in particular, chalcogenide clusters. In fact, many chalcogenide clusters are only known as phosphino complexes: more often than not only phosphines are strongly enough coordinating to prevent uncontrollable transformation of a finite cluster core, formed by selfassembly from a metal cation with a sulfide source, such as H 2 S or (Me 3 Si) 2 S, into a bulky metal sulfide [14] [15] [16] .
The nature of a phosphine exercises enormous influence on the composition and property of the self assembled clusters [17] . A significant problem is posed by further functionalization of a particular cluster in order to obtain new compounds with any desired set of functional groups. This can be achieved either by use of a phosphine with a specific functionality at the cluster selfassembly step, or by modification of a coordinated phosphine ligand without affecting the cluster core. In this respect the presence of a P-(CH 2 ) x -OH sequence in a coordinated phosphine ligand is welcome. The hydroxyl group in THP itself is particularly reac tive: it can be acylated, silylated, substituted by amino group, halide etc. [18] [19] [20] [21] . Thus, coordination of THP and its analogues not only leads to water soluble sulfide clusters, but can open new ways of cluster func tionalization and preparation of dendrimers. This chemistry can be extended to the bidentate phosphines, bearing the P-(CH 2 ) x -OH arms, namely, with x = 1, 3 and 4.
Another class of hydroxylated phosphines has OH groups directly attached to P(III) centers. In par ticular, the unstable P(OH) 3 and HP(OH) 2 molecules are the simplest watersoluble phosphine ligands and may be of interest as a cheaper alternative to usual watersoluble organic phosphines in twophase catalytic systems. However, the R 2 POH species are not stable towards isomerization into corresponding hydrophosporyl (R 2 HP( = O)) tautomers. For the isomerization of P(OH) 3 into the common dibasic phos phorous acid log K = 10.3(1.5) at 25 °C in aqueous solution [22] , and as for HP(OH) 2 [23] . The organic hydroxyphosphines RP(OH) 2 and R 2 POH also exist pref erentially as the hydrophosphoryl tautomers, except when R is bulky, such as 2,2dimehtylbicyclo[2,2,2] heptyl3methyl [24] or highly electronegative, such as (CF 3 ) 2 POH [25] . There are, nevertheless, examples of stabilization of P(OH) 3 by coordination to a d 8 or lowspin d 6 metal center, namely, with Ru(II), Pt(II), Mo(0) and Cr(0). Perhaps the first P(OH) 3 complex was reported as early as in 1872 as PtCl 2 ·2P(OH) 3 by Schützenberger [26] . At that time H 3 PO 3 was regarded as "normal" tribasic acid, and this formulation corresponded to the expected ability of P(OH) 3 to form adducts with metal halides. Much later products formulated as [Pt(P(OH) 3 ) 4 ]Cl 2 and some polynuclear Rh(III) complexes claimed to contain coordinated P(OH) 3 were isolated from reactions of Pt(II) and Rh(III) chloride complexes with H 3 PO 3 , but at this stage characterization was insufficient and this chemistry has never been resumed [27, 28] . Another product, a dinuclear K 2 [Pt 2 (P 2 O 5 H 2 ) 4 ] · 2H 2 O, was isolated in the reaction of K 2 PtCl 4 with H 3 PO 3 ; it contains four pyroph osphite bridging ligands P 2 O 3 (OH) 2 − ("pop"), derived from condensation of two molecules of P(OH) 3 [29] . Carbonyl complexes [M(CO) 5 (P(OH) 3 )] were also reported (M = Cr, Mo). The Cr complex and was isolated as a hydrate, [Cr(CO) 5 [41] . Oxydation of Ph 2 PH in the coordina tion sphere of Rh(III) also gives complexes with Ph 2 POH and μPh 2 PO − without breaking the Rh-P bond [42] . We have found that Ni(0) and Pd(0) centers, incorporated into cuboidal {M 3 Q 4 }based chalcogenide clus ters (M = Mo, W; Q = S, Se), revert the tautomerization and stabilize the R 2 P-OH tautomers by direct coordina tion. This property seems to be general and has allowed isolation and structure elucidation of the complexes with HP(OH) 2 , P(OH) 3 , PhP(OH) 2 . Elusive As(OH) 3 has also been pinned down in this way.
Assessment of coordination properties of THP
It is well known that the coordination ability of the phosphines depends on the nature of the substituent groups at the P atom: electronaccepting groups increase, and electrondonating groups decrease this prop erty. Allen and collaborators have suggested use of the 1 J P − Se coupling constants from the selenides (R 3 PSe) as a probe for the electronic effects of the substituents and thus the donor properties of the phosphines: elec tronacceptor groups will increase this parameter [43] [13] . Consequently, THP must be fully suitable for efficient coordination of the cluster core in a nascent chalcogenide cluster to prevent its incontrol lable growth into binary metal sulfides, if the strategy of cluster formation by metal cation sulfidation in the presence of a phosphine, put forward by the Cecconi and Fenske groups, is followed. Indeed, this strategy proved successful with transition metals from 8 to 10 groups, as discussed below. , but attempts to isolate free {P,PPCH 2 OP} ligand failed because of its rapid decomposition into P(CH 2 OH) 3 and HP(O)(CH 2 OH) 2 [6] .
Self-assembly of the transition metal sulfide clusters in the presence of THP
It must be born in mind that the presence of large amounts of OHgroups around the cluster core makes these complexes highly hydrophilic and their crystallization is often a formidable task. [62] . The crystals of hydroxo group leads to watersoluble clusters that are stable within a wide pH range. These watersoluble complexes are excellent candidates as catalysts under biphasic conditions or as a cocatalyst to be immobi lized in solid surfaces. Small ligand variations can have significant effects on the solubility, reactivity, and aqueous speciation of the resulting molecular clusters. We have studied coordination of hydroxyalkyldiphos phines (HO(CH 2 ) x PC 2 H 4 P(CH 2 ) x OH) 2 with x = 1 (dhmpe), x = 3 (dhprpe) and x = 4 (dhbupe).
The 3 ]Cl in aqueous HCl are green, while water solutions are brown. This difference has been interpreted as the result of partial substitution of Cl with a deprotonated hydroxylic group of dhmpe at one or two of the metal centers, Fig. 8 (Fig. 8) , resulting from the ability of a hydroxyl group of one or two dhmpe (L) to coordinate to the cluster {Mo 3 S 4 } core as tridentate P,P,O ligand (L-H). Acidification of the solutions of [Mo 3 S 4 L(L-H) 2 The cluster complexes with dhbupe were prepared for both Mo and W clusters [67] sevenmembered ring would be expected) .
Thus, reactivity, water solubility, and speciation of the cluster complexes with hydroxyalkyldiphos phines (HO(CH 2 ) x PC 2 H 4 P(CH 2 ) x OH) 2 are strongly affected by the length of the alkyl chain between P atom and OH group. Acidic solutions containing coordinating X − anions, i.e. Cl − , in all cases contain the complex with X − coordinated to each metal center and the hydroxyalkyldiphosphine acting as a P,Pbidentate ligand. However, diverging behavior patterns that strongly depend on the value of x are observed under neutral and basic conditions. In all cases the phosphorus atoms remain coordinated but the third coordination site at each metal center, i.e. that occupied by X − in acid media, can be occupied by water, OH − or a deproto nated hydroxyalkyl phosphine group. When x = 4, the tris(hydroxo) complex is formed in basic solutions, and kinetic studies suggest a mechanism with two parallel reaction pathways involving water and OH − attacks resulting in the formal substitution of X − by hydroxo ligands. The reverse reaction of the hydroxo clusters with HX acids occurs with protonation of the OH − ligands followed by substitution of coordinated water by X − . In contrast, when x = 2 or 3, the chemistry in solution is mainly determined by the formation of species with coordinated deprotonated hydroxyalkyl groups. Detailed mechanistic studies reveal that the opening of the chelate ring to form the complexes with coordinated X − occurs through two parallel attacks by H + and X − with close rates. The reverse reaction involves chloride substitution and chelate ring closure, and also occurs through two parallel paths, in this case involving attacks by H 2 O and OH − . An additional observation that illustrates the subtle factors affecting the reactivity of these species is that when x = 3, the interconver sion between the complexes containing X − and deprotonated hydroxyalkyl groups occurs in a single kinetic step, thus showing that the reactions proceed at the three metal centers with statistically controlled kinetics. In contrast, when x = 1, separate kinetic steps are observed at the three metal centers, showing significant deviations from the statistical predictions.
Heterometallic Mo 3 M′Q 4 clusters and the problem of stabilization of P

III -OH species
The incomplete cuboidal clusters {M 3 Q 4 L 9 } (M = Mo, W; Q = S, Se) can incorporate more than 20 chalco philic transition and posttransition metals in low oxidation states (Fig. 10) . For group 10, heteroatoms in zero oxidation states can be used as the source of M', including bulk Ni sheets and Pd black, in situ gener ated Pd(0) and Ni(0), or Pd(dba) 2 /Pd 2 (dba) 3 (dba is dibenzylideneacetone) [68] . These clusters offer unique possibility to study chemistry at the Ni(0) and Pd(0) centers in a sulfide (or selenide) environment. The most intriguing aspect of the reactivity of [M 3 M′Q 4 (H 2 O) 10 ] 4 + aqua complexes is their high affinity towards the hydrophosphoryl compounds R 2 P(O)H (R = OH, Ph, H). The clusters induce their isomerization into the R 2 P-OH species, and the P atom uses the lone pair released after isomerization for coordination at Ni or Pd. In this way phosphorous and hypophosphorous acids H 3 PO 3 , H 3 PO 2 , and their phenylsubstituted deriva tives Ph 2 P(O)H and Ph(OH)P(O)(H) isomerize into P(OH) 3 , HP(OH) 2 , PhP(OH) 2 , and Ph 2 POH. The high affinity of the Ni and Pd sites in the clusters for Pdonors constitutes main driving force for these reactions. The 31 P NMR spectra provide unambiguous evidence for isomerization of the ligands. The P-H bond cleavage results in the disappearance of the 1 J P − H doublet in the case of H 3 PO 3 and Ph(OH)P(O)(H) (formation of P(OH) 3 and PhP(OH) 2 ), or in the transformation of the triplet into the doublet (only one P-H bond remains in HP(OH) 2 Typical order of reactivity is Mo < W; Ni < Pd, S ≈ Se, which correlates with the relative stability of the M(0) oxidation state in the clusters, and Ph 2 P(O)H > Ph(OH)P(O)H > > H 3 PO 3 [68] . The nickel cluster [Mo 3 (NiCl)S 4 (H 2 O) 9 ] 3 + is the least reactive and only prolonged heating afforded the complexes with HP(OH) 2 , P(OH) 3 , Ph 2 P(OH), and PhP(OH) 2 [69] . The {W 3 Ni} and {W 3 Pd} clusters give much more stable complexes with the hydroxophosphines, which can be purified with cationexchange chromatography [70] . For a better understanding of the mechanism DFT calculations were carried out and they indicate a mechanism for tautomerization of the H 3 PO 2 molecule coordinated in the first step, that involves an 1,2 Hshift catalyzed by the second H 3 PO 2 molecule, which is made possible by its capability for accepting a proton from a P-H bond [73] . 3 + (Q = S, Se) is also biphasic. The first, very rapid, step cor responds to coordination of the tetHP(O)(OH) 2 through oxygen (Scheme 2), and the second step, which is slow and reversible, corresponds to isomerization into pyrP(OH) 3 (Q = Se) [69] . A significant difference with respect to H 3 PO 2 is that the rate of the second resolved kinetic step in the tautomerization of H 3 PO 3 does not depend on the H 3 PO 3 concentration but on the concentration of the Hpts acid used for the control of the ionic strength. Nevertheless, a mechanism quite similar to that previously discussed for H 3 [72] . Nevertheless, these results can be interpreted within the mechanism discussed above. In the first resolved kinetic step the sub stitution occurs with saturation kinetics with respect to the H 3 PO 2 concentration, and tautomerization in the second resolved step occurs with a mechanism similar to that previously commented, but with the rate determining step displaced from protonation of the Ocoordinated intermediate to isomerization of the Ocoordinated deprotonated intermediate with pyramidal H 2 PO 2 − into the more stable Pcoordinated form. The formation of the complexes was confirmed by Xray analysis of supramolecular adducts with macro cyclic cavitand cucurbit [6] uril ((C 36 H 36 N 24 O 12 ), CUC [6] ). The adducts with cucurbit [6] uril were purposefully used to crystallize the complexes out of dilute solutions by the formation of complementary hydrogen bonds between water molecules, coordinated to the cluster, and the carbonyl groups of the cavitand portals. Crystal struc tures were determined for {[Mo 3 PdP(OH) 3 [70] [71] [72] [73] [74] [75] [76] [77] .
The bond lengths and angles in coordinated P(OH) 3 can be compared with the values calculated for free P(OH) 3 [78] . The P-O bonds become shorter upon coordination (1. hardly change, but there is also a tendency towards less distorted tetrahedral geometry in coordinated P(OH) 3 (the OPO angles are 99-105, 100-105, 100-105, and 94-105°, respectively). It is known that free As(OH) 3 is present in solutions of As 2 O 3 in water, but cannot be isolated. However, coordination to the Ni or Pd site allowed us to isolate first complexes with As(OH) 3 [72, 75] . The apparent ease of formation and the greater stability of the As(OH) 3 complexes (contrary to the wellknown sequence P > As > Sb > > Bi) is explained by the contribution from the highly unfavorable values of the equilibrium constants of the reactions H 2 P(O)(OH) → HP(OH) 2 and HP(O)(OH) 2 → P(OH) 3 [71, 72, 74] .
The geometry of the PhP(OH) 2 ligand was determined for the first time. The P-O bonds are 1.59-1.60 Å, P-C 1.760(21) Å, the two O-P-C angles are 98.1 and 102.2°, the O-P-O angle -105.3°. Both P-O and P-C distances are considerably (by 0.05-0.07 Å) shorter than in free, noncoordinated PhP(OR) 2 molecules [33] . The Pd-P bond is 2.256(5) Å, that is, virtually the same as in the complex with P(OH) 3 . The S-Pd-P angles are 114-120°. The phenyl ring plane is almost orthogonal to the Mo 3 plane in the cluster. Another example of an RP(OH) 2 ligand [34] is P(OMe)(OH) 2 
Conclusions
The symbiosis between the chalcogenide polynuclear transition metal complexes and phosphines function alized with hydroxo groups turned out not only possible but rather fruitful. Apart from the obvious utilitar ian goal (making clusters water soluble and amenable to further functionalization), this combination has allowed to reveal unexpected reactivity patterns, such as condensation of the phosphine ligands promoted by the cluster formation; pHdependent change in the coordination mode of phosphines; and, perhaps most exciting, stabilization of such elusive species as HP(OH) 2 , P(OH) 3 , As(OH) 3 by direct coordination to cluster core. However, we feel strongly that synthetic potential of this chemistry is far from exhausted. For example, the clusters discussed in this review, are, topologically speaking, excellent platforms for making dendrim ers by easy functionalization of the appended OH groups. From the point of view of fundamental chemistry, nothing is known about the reactivity of coordinated P(OH) 3 , HP(OH) 2 and its analogues. Last, but not the least, catalytic activity of these clusters is waiting to be tested. + cluster complex.
